Cystic fibrosis (CF) lung disease is the major cause of morbidity and mortality in people with CF. Abnormal mucociliary transport has been the leading hypothesis for the underlying pathogenesis of CF airway disease. However, this has been difficult to investigate at very early time points. A porcine CF model, which recapitulates many features of CF disease in humans, enables studies to be performed in non-CF and CF pigs on the day that they are born. In newborn CF pigs, we found that under basal conditions, mucociliary transport rates in non-CF and CF pigs are similar. However, after cholinergic stimulation, which stimulates submucosal gland secretion, particles become stuck in the CF airways owing to a failure of mucus strands to release from submucosal glands. In this review, we summarize these recent discoveries and also discuss the morphology, composition, and function of mucins in the porcine lung.
Cystic fibrosis (CF) is a genetic disease caused by mutations in the gene encoding the cystic fibrosis transmembrane conductance regulator (CFTR) anion channel (1, 2) . CF-related lung disease is a major cause of morbidity and mortality in people with CF (3). Advanced CF lung disease is clinically characterized by mucus obstruction in airways, chronic bacterial airway infection, prominent neutrophilic airway inflammation, and progressive bronchiectasis. Over the last two decades, researchers have devoted efforts to understanding the pathogenesis of CF airway disease and to developing new therapeutics based on that knowledge. Newborn screening for CF has enabled the early diagnosis of CF and has revealed that even in infants with CF, airway abnormalities and host defense defects are already present (4) (5) (6) (7) . A more acidic airway surface liquid (ASL) pH is present in neonates with CF, and early bacterial infection and inflammation as well as radiographic evidence of lung disease are also present within months of birth (4) (5) (6) 8) .
Mucociliary transport (MCT) helps to keep the airways sterile by clearing inhaled pathogens and particles out of the lungs. Abnormal MCT has been the leading hypothesis for the underlying pathogenesis of CF airway disease (9, 10) . However, the data to support this idea have been lacking owing to difficulties with studies in infants, limitations of MCT assays, and problems with mucus sampling; this is especially true in the very early stages of CF airway disease. To circumvent these and other limitations, we developed a porcine model of CF (11, 12) . On the day that CF pigs are born, their lungs lack airway infection, inflammation, or mucus accumulation, yet their airways fail to eradicate bacteria as well as non-CF control pigs (13) . Within weeks to months of birth, CF pigs also develop hallmark features of CF lung disease, including airway infection, inflammation, remodeling, and mucus accumulation/obstruction (12, 14) . Thus, newborn CF pigs represent a model to investigate the primary effects of loss of CFTR function on MCT in the absence of secondary manifestations of disease. In this review, we summarize recent data from our studies on MCT and mucin structure and morphology in newborn non-CF and CF pig airways. We also discuss potential clinical and therapeutic implications of these findings.
MCT Is Heterogeneous in Newborn Pigs
Most studies of mucociliary clearance have depended on using radionuclides and nuclear medicine imaging to measure tracer disappearance from the lungs (9) . Although these assays can be informative, they lack the granularity needed to track individual particles as they are transported up the airway tree, and thus they do not yield insight into mechanisms of dysfunction. Therefore, to assay MCT with improved spatial and temporal resolution, we developed an X-ray computed tomographybased assay to track the movement of 350-mm diameter tantalum microdisks ( Figure 1A ) (15, 16) . The microdisks are insufflated into the airways, and then serial computed tomographic imaging (every z5-15 s for 5-10 min) is performed. From these computed tomographic image datasets, x-, y-, and z-coordinates can be obtained for each microdisk as it travels up the airways toward the larynx.
In newborn non-CF pigs, we found that microdisks exhibited interesting movement behaviors. First, microdisks tended to travel toward the ventral surface of the trachea, which was related to the orientation of ciliary beating in the airways (15) . Second, although on average, microdisks moved at MCT rates similar to those previously reported in the literature (17, 18) , there was substantial heterogeneity in microdisk speed, both between animals and even within the same animal. Some microdisks moved fast, whereas other microdisks moved slowly. Moreover, an individual microdisk could exhibit both fast and slow transport rates at different time points during a study. The heterogeneous rates of MCT suggest that, even in healthy airways, a homogeneous blanket of mucus might not cover the airways (15, (19) (20) (21) (22) . This heterogeneity could be related to multiple factors, including variability in submucosal gland secretions, unevenness in mucus layer thickness, or regional differences in mucus biophysical properties and cell types/ submucosal glands.
Cholinergic Stimulation Impairs MCT in Newborn CF Pigs
Under baseline conditions, we found that mean and maximum transport speeds of microdisks were similar in non-CF and CF newborn pigs (16) . However, we hypothesized that MCT might become impaired in CF airways subjected to a stress. To test this hypothesis, we treated non-CF and CF newborn pigs with intravenous methacholine, which increases ciliary beat frequency and submucosal gland secretion. A similar cholinergic response is elicited when the airways experience an insult or injury. Methacholine stimulation increased the maximum and mean speeds of microdisks in non-CF airways. Cholinergic stimulation tended to reduce the clearance of microdisks from CF lungs and caused microdisks to become immobile or "stuck" in the CF airways. This was associated with a significant reduction in the time that microdisks spent in motion ( Figure 1B) (16) . Interestingly, if a "stuck" microdisk broke free in the CF airway, it typically traveled at a normal speed. These data suggest that loss of CFTR function does not induce a generalized defect in MCT, such as might be observed with uniform depletion of periciliary liquid or inhibition of ciliary beating, but instead causes more localized defects in MCT.
To further investigate the underlying mechanism(s) for impaired MCT in CF airways, we developed an ex vivo system to study submucosal gland mucus secretion and mucus transport along the airway (16) . Excised tracheas were bathed in physiological solutions, and 40-nm fluorescent nanospheres were added to the solution. These fluorescent nanospheres bind to and label mucus strands as they emerge from submucosal gland duct openings, enabling real-time imaging. We developed a time-averaging procedure to preferentially visualize stationary mucus strands and provide panoramic views of entire tracheal segments. Under basal conditions, in tracheas from both non-CF and CF newborn piglets, nearly all of the mucus quickly cleared from the airway surface. However, after methacholine stimulation, we observed a markedly different appearance in CF pig tracheas. Mucus strands and globules often failed to detach from submucosal gland ducts, thus impairing mucus clearance from the airway surface. In contrast, in non-CF tracheas, mucus strands quickly cleared the airway TRANSATLANTIC AIRWAY CONFERENCE S172 surface. We were able to replicate the CF mucus phenotype in non-CF tracheas that were bathed in solutions lacking both Cl 2 and HCO 3 2 transport. Thus, these data directly link loss of CFTR-mediated anion secretion to defective MCT.
Mucins Form Distinct Morphological Structures on the Airway Surface
In the airways, surface goblet cells and submucosal glands secrete two gel-forming mucins, MUC5AC and MUC5B (23) . However, knowledge of the morphological structure of airway mucus in situ is very limited, because cultured cells lack submucosal glands; rodent species have few submucosal glands; and findings from human sputum can be impacted by isolation, processing, and storage of samples. Therefore, we investigated the morphological structure of MUC5AC and MUC5B from freshly excised non-CF and CF newborn pig tracheas (24) .
To investigate the native mucin structure, we harvested freshly excised tracheas from newborn pigs and immediately fixed the airways. We visualized the gelforming mucins with two lectins, jacalin (JAC) and wheat germ agglutinin (WGA), that preferentially bind either MUC5AC or MUC5B, respectively. In non-CF newborn pig tracheas, we observed three distinct mucin morphologies, as described below.
Mucus Strands
We observed "strands" of mucin on the airway surface that originated from submucosal gland duct openings (Figure 2 ). These cylindrical strands ranged in diameter from approximately 5 to 50 mm, could extend hundreds of micrometers from gland duct openings toward the larynx, and at times developed a ribbon-like shape after secretion. Strands were composed of multiple filaments that labeled with WGA but not JAC, indicating that they were composed of MUC5B. This was expected because submucosal glands predominantly secrete MUC5B (24, 25) . Mucus strands sometimes attached to adjacent strands, forming a mucus network that covered the airway surface (Figure 2 ). Similar-appearing mucus strands have been observed by in other studies, including recent work by Hansson and colleagues (26) .
Mucus Threads
We also identified wispy "threads" of mucus on the tracheal surface that labeled with JAC but not WGA, suggesting MUC5AC composition (Figure 2 ). These threads were secreted from goblet cells and ranged in size from 1 to 4 mm in diameter. MUC5AC threads were rarely attached to goblet cells, suggesting that after secretion, they quickly break free from their site of origin. Often these MUC5AC threads coated the surface of the MUC5B strands, thus forming a complex mucus structure composed of both MUC5AC and MUC5B (Figure 2 , inset) (24, 26) . We rarely observed mucus threads that were composed of MUC5B.
Mucus Sheets
Sometimes we also observed thin sheets of mucus that labeled for MUC5AC. As described below, these were more common in the CF airway.
Mucus Morphology in CF Airways
We also observed mucus strands, threads, and sheets in newborn CF pig tracheas. However, we discovered that the morphologic appearance of the mucins differed from that of non-CF pig airways in several ways (24): 1. In CF airways, MUC5B strands often remained attached to the submucosal glands from which they emerged. This finding is consistent with our earlier work in CF airways showing that after cholinergic stimulation, microdisks become "stuck" in the airway when they attach to mucus strands that fail to detach from submucosal gland openings (16). 2. Attached mucus strands oftentimes bound to adjacent mucus strands, giving a complex, tangled, netlike appearance. 3. MUC5AC sheets were more commonly observed in CF airways, and they tended to attach to MUC5B strands. 4. Compared with non-CF, CF submucosal gland ducts were more often filled with mucus. This mucus labeled for MUC5B and extended from the acinus all the way to the airway surface at the duct openings. The airways are repeatedly exposed to inhaled particles and pathogens, which are effectively cleared out of the lungs by MCT. Impairments in MCT increase susceptibility to lung infections. For example, genetic defects in the ciliary machinery, such as primary ciliary dyskinesia (27) , or targeted deletion of MUC5B (28), impairs MCT and leads TRANSATLANTIC AIRWAY CONFERENCE to airway disease. Thus, the airways likely evolved for optimal MCT, and the presence of mucus strands, threads, and sheets probably produces the most effective MCT for various particles and pathogens ( Figure 3A) . Particles inhaled from the external environment have a wide range of sizes. Large particles tend to land in the larger airways, whereas small particles tend to land in the smaller-sized airways. It could be that strands, which emerge from the submucosal glands in the large airways, are required to remove large objects deposited on the surface of the large airways (Figure 3 ). Mucus threads and sheets, produced by surface epithelial cells in both small and large airways, might be sufficient to remove smaller-sized particles, which can land in either the large or small airways. The presence of submucosal glands only in the large airways and the lack of submucosal glands in the airways of rodents could be related, in part, to whether a mucus strand, thread, or sheet is required for MCT in a particular airway.
Speculations and Perspectives

Why Do the Airways Have Two Mucusproducing Structures: Submucosal Glands and Goblet Cells?
The answer may also be related to the production of mucus strands, threads, and sheets ( Figure 3B ). For example, mucus strands are present in the large airways where submucosal glands are present. We observed that mucus strands emerging from submucosal gland ducts are composed of multiple MUC5B filaments (Figure 2 ). It is possible that these MUC5B filaments are secreted by individual mucus-secreting cells in the gland, and their transport along the length of the ducts promotes the formation of mucus strands that emerge onto the airway surface. In contrast, mucus threads, which seem to have a much simpler structure, are simply secreted onto the airway surface from individual goblet cells. Another potential explanation for the presence of both submucosal glands and goblet cells in the airways may be related to differences in the amount of secreted mucus in the large versus small airways. The large airways require abundant amounts of mucus for effective MCT. However, the limited surface-to-volume ratio in large airways requires a structure that occupies a small area but can secrete large volumes of mucus (e.g., the submucosal gland). In contrast, in the small airways, with a high surfaceto-volume ratio, goblet cell secretion of MUC5AC threads might be sufficient for effective MCT.
What Is the Role of MUC5B Strand and MUC5AC Thread Complexes in Large Airways?
The coexistence of MUC5B strands and MUC5AC threads in large airways is likely important for the clearance of both large and small particulates from the airway surface ( Figure 3B ). Yet, the physiological importance of the mucus strand structure consisting of an MUC5B core with partial coating of MUC5AC is less clear. Presumably, networks of MUC5B strands form a backbone structure for airway mucus. Mucus strand breakage and release from submucosal glands is likely a key determinant of MCT rates. In addition, a ] could impact the molecular conformation of mucin proteins and also stiffen mucus strands by making them more difficult to stretch and break. Similar results have been observed with other mucincomposed materials (35, 36) . The role of pH at the later stages of CF disease, when secondary manifestations occur, is less clear (29) (30) (31) (32) (33) (34) 37) . Second, loss of CFTR function reduces Cl 2 -and HCO 3 2 -dependent liquid secretion from submucosal gland serous cells (38) . After exocytosis of mucin-containing vesicles to the CF submucosal gland lumen, mucus may be formed in a smaller volume, which would increase mucin concentration. Mucus strands with more condensed mucin molecules could be more difficult to break free from the duct openings. Earlier studies support these speculations. For example, Joo and colleagues reported that submucosal glands from CF pigs secrete less fluid in response to a number of secretagogues, including forskolin, substance P, carbachol, or their combinations (39) . Tang and colleagues reported that the percentage of nonvolatile material is increased in CF pig ASL and that this is associated with an increased ASL viscosity (30) . Although submucosal gland-related MCT defects were present in completely submerged CF tracheas, changes in ASL volume could also impact mucin secretion and concentration by surface airway epithelial cells (40, 41 21 bridges to cross-link mucin molecules, which could stiffen mucus strands (43, 44) . Whether differences in the ionic environment impact mucin structure in the CF airway remains unknown.
Conclusions
Findings from these studies have important clinical implications as new therapeutic approaches are considered for CF airway disease. First, abnormal MCT is present early in CF, and data derived from newborn CF pigs suggest that these defects can occur in the absence of infection and inflammation (16) . We suspect that similar defects are present early in infants with CF. If this is the case, then therapies targeting MCT defects at very early time points may be beneficial. However, it will also be important to perform similar studies at later time points because mechanisms regulating MCT can differ with development and age (45) (46) (47) . Second, mucus strands secreted from submucosal glands are likely a key functional element for effective MCT. In CF airways, MCT is abnormal, in part owing to lack of detachment of these mucus strands from submucosal gland (16, 24) . We predict that therapies designed to enhance mucus strand release would improve MCT in CF. Whether anticholinergics might play a therapeutic role requires further study (48) . CFTR is also expressed in the small airways (49, 50) , and thus it seems likely that small airway MCT will be impaired in CF. However, rigorous data are lacking to support this contention, and future studies are needed to address this point. Third, our data suggest that loss of CFTR function causes mucus strands to be abnormal within the submucosal gland, even before mucus emerges onto the airway surface. Thus, therapies designed to restore MCT in CF might need to be targeted at the submucosal gland rather than at the airway surface. Finally, it is possible that CF-related MCT defects and impaired detachment of mucus strands from CF submucosal glands are induced by multiple factors related to loss of CFTR function (e.g., pH, liquid secretion, ionic changes). Thus, correction of even a single factor may help restore MCT in CF. For example, normalization of submucosal gland pH, by inhibiting ATP12A, might enhance mucus strand breakage and release from CF submucosal gland duct openings.
In summary, studies of newborn non-CF and CF pigs have revealed new insights into MCT and how loss of CFTR function disrupts host defenses in early CF. By better understanding how loss of CFTR-mediated anion transport affects mucus composition, structure, and function, new therapeutic approaches may be developed that impact CF airway disease. n Author disclosures are available with the text of this article at www.atsjournals.org.
